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Abstract 
 The leaf area index (LAI), was estimated in mountaineous beech forest stands different estimation 
techniques. The effective LAI (Le) was estimated optically by measurements with the gap fraction 
instrument LAI-2000, SunScan, and Fish-eye. The aim of this study was to find out the most reliable 
estimation technique in mountaineous beech forest stands.  
 
1. Introduction 
 Leaf Area Index (LAI) is a key biophysical variable influencing land surface processes such as 
photosynthesis, transpiration, and energy balance and is a required input for various ecological models. LAI 
is defined as the projected area of leaves per unit ground area. There are several techniques for estimating 
LAI. Remote sensing offers the possibility of providing relatively accurate estimations of LAI at a 
reasonable cost for most regional projects. However, remotely sensed vegetation indices at present need 
site- and stand-specific calibration against ground-based measurements of LAI and still do not yield 
suitable results for complex canopies such as forests with a high LAI. It is necessary to rely first on 
ground-based LAI estimates if remotely sensed vegetation indices need cross-calibration. 
Direct and indirect methods are used to estimate LAI in the field. Direct methods mainly include 
destructive sampling, application of allometric equations based on tree diameters (and tree height), and leaf 
litter fall collection. On the other hand, LAI can also be estimated indirectly from the measurement of light 
transmission through plant canopies. This method takes use of a number of commercially available 
instruments, such as LAI-2000, DEMON, TRAC, hemispherical photography and so on. 
 The aim of this study is to establish a practical technique for LAI estimation suitable to mountaineous 
beech forest ecosystems. 
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2. Method 
2.1 Study site 
 Measurements were made on the northern slope of the Naeba Mountain (2145m, 36°51’N, 138°41’N), 
located in southern Niigata Prefecture of the Japan Sea side of central Honshu in Japan. 14 sites (Table 1) were 
deployed along the altitude gradient from 550 to 1500m, the beech dominates the forest over range from 550m 
to 1550m. In all these sites, the canopy upper layers are consisted mainly by beech (Fagus Crenata) with 
occasional mixture of a small number of other species. These 14 sites are roughly categorised into 3 types by 
stand ages and the ratio of understory trees (old-beech, young-beech and mix-wood). 
 Seven sites of them are permanent sites (since 1960’s) at different altitudes, as one of the IBP/PT programs 
(Table 1). Among these sites, destructive samplings were made for parameterising allometric at each altitude 
(see Table 3). 
2.2 Estimating LAI by direct methods 
2.2.1 litter collection 
5-10 litter traps were set randomly at 8sites respectively (Table 2). And they were collected occasionally 
through the whole season. The traps had a circular area (0.25m2) and were placed about 1 m above the ground. 
Collected litter was separated into leaves and other non-leafy materials such as branches. They were air dried 
out and weight. Some of each the collected litters were taken sampled for area and dry weight, which SLA is 
calculated as;  
SLA=ΣAi /Σwi                                               (1) 
where SLA is the specific leaf area, Ai is the one-sided projected area of the given leaf ‘‘i’’, and Wi is the dry 
weight of it. LAI was then calculated by multipulying SLA with the dry weight.  
2.2.2 allometric aquation 
The stand leaf area was estimated based on allometric correlations between leaf area and D2H or Dπ. The 
allometric equation was as following ; 
log F = h log ( D2H ) + K                                      (2) 
F = 0.006 × ( Dπ ) 2+ 0.4656 ( Dπ )                           (3) 
where F is the total leaf area of each tree, while, D is diameter at breast height and H is its tree height. h and K 
are fitted coefficients of the equation (Table 3). Then, summation of leaf area of all trees and devided is by the 
plot area to get LAI of each site. Eq.(2) is used for old-beech and mix-wood, while Eq.(3) is used for 
young-beech. 
 
 
 
 
 
 
Table 3 Coefficients (h and K) of Eq.(2) used for the calculation of leaf area at different altitudes 
Altitudes(m) h k Sources
1500 0.656 -0.793 Kakubari et al. (1970)
1300 0.629 -0.684 Maruyama and Yamada (unpublished)
1100 0.709 -1.152 Kakubari (unpublished)
900 0.594 -0.466 Yamada and Maruyama (1962)
700 0.669 -0.852 Maruyama et al. (1970)
 
 2.3 Estimating LAI by indirect methods 
 The effective LAI (LAIe) was estimated indirectly by using LAI-2000, SunScan, and Fish-eye. All of them are 
optical instruments, measuring radiation based on gap fraction and calculating LAI from the Beer-Lambert 
extinction law. LAI-2000 and SunScan measure both incoming radiation and transmitted through the canopy. 
For both instruments, 10~25 sample points were set in each site. Measurements were made onetime at the 
peak of the growing season (August and September) in order to estimate the maximum PAI (Plant Area Index), 
and repeated again after leaf fall for WAI (Wood Area Index). Then LAI was calculated from the following 
equation ; 
                LAI = PAI - WAI                         (4) 
2.3.1 LAI-2000 
The Plant Canopy Analyser, LAI-2000 (LI-COR Inc. , USA) uses a fish-eye light sensor to measure the 
diffuse radiation below 490nm. The simplest way is to measure below- and above-canopy radiation is to use 
two cross-calibrated sensors simultaneously. However, we have only one sensor to work with. Below- and 
above-canopy measurements were made with view caps of 22.5°and 90°. Although LAI-2000 is compact and 
easy to use in the dumpy forest, it requires a diffuse radiation environment which eventually determined by the 
weather condition. 
2.3.2 SunScan 
The SunScan Canopy Analysis System (Delta-T Devices Ltd, UK) measures the incident photosynthetic 
active radiation (PAR) above canopy and the transmitted PAR through the canopy. The SunScan probe can also 
be connected to a Beam Fraction Sensor (BFS) measuring both direct and diffuse incident radiation above the 
canopy and simultaneously connected to the common logger of the linear probe. In this way, it is available in all 
weather conditions. But in forest stands, the cable length becomes alimiting facter.  
2.3.3 Fisheye 
Hemispherical photograghs were taken in overcast sky condition by using digital cameras(COOLPIX990, 
3.34 megapixels, Nikon) with Fisheye converter (FC-E8, Nikon). This method does not require above-canopy 
measurements. From the digital images, gap fraction and 
canopy openness were calculated by a specific software 
Hemiview (Delta-T Devices Ltd, UK). PAI and WAI were 
calculated by equation according to Norman and Campbell 
(1989).  
 
3. Results and Discussion 
3.1 Estimated LAI by direct methods 
The relations between LAI estimated by the litter collection 
and by allometric equation are shown in Fig 1. For the 
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Fig. 1 Relationships between LAI estimated by allometric 
equation and by litter collection.The dotted line is 1:1 
old-beech forest, the relationship was almost 1:1. However, big deviations were found for mixed and young 
beech forests. This may partly due to the less destructive samplings in these types. Moreover, the leaf fall from 
the understories in the mix-wood stands may contribute to the total leaf collection which finally level to the 
large LAI values in these stands. 
One of the most reliable methods the LAI estimation is to collect leaves in litter traps as made in this study. 
And from the above result, allometric equation is also reliable if there are enough data and use that equation in 
similar stands. 
In this study, LAI determined from litter collection was treated as true values, from which all other methods 
were compared and validated. The destructive sampling was made for sites with no litter traps, from which the 
estimated values then used as ground truth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2 Relationships between LAI based on direct methods and LAIe estimated by LAI-2000, SunScan and 
Fish-eye. Thick line shows the correlation of all samples, while thin line only for old-beech. 
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3.2 Estimated LAI by indirect methods 
 Fig. 2 shows the relationships between LAI based on direct methods and LAIe estimated by LAI-2000, 
SunScan and Fish-eye. Among these indirect methods, LAI-2000 has the strongest correlation with the direct 
estimated LAI, Especially for the LAIe from LAI-2000 with 90°view-cup. In this sense, wide field-of-view 
is much desired for the heterogeneous radiation environment as below canopy. 
 Although LAI-2000 estimated LAIe has strong linear relationship with the direct methods derived LAI, it 
was underestimated. Therefore, it needs connection before it can be used. 
 SunScan estimated LAIe of old-beech has the linear relationship to direct LAI, although in young-beech 
LAIe was underestimated.  
 LAIe estimated by Fisheye is saturated around LAIe =2. Classification of images involves using digital image 
process to distinguish canopy opening from foliage, which is achieved by determining a threshold intensity 
value. 
 
4. Conclusion 
 We found that the method based on LAI-2000 was suitable for LAI estimation in mountain beech forests. And 
broad view angle is required for measuring. In addition, it usually underestimates LAI and thus needs conection 
before it can be used.  
Although it is very portable, Fish-eye measuring requires more technique. SunScan is hard to use in the forest 
stands if the cable is connected to BFS. However, SunScn is resistant to weather changes and can keep 
measuring under versatile weather conditions. 
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